Objective According to the guidelines, rescuers should provide chest compressions (CC) ~1.5 inches (40 mm) for infants. Feedback devices could help rescuers perform CC with adequate rates (CCR) and depths (CCD). However, there is no CC feedback device for infant cardiopulmonary resuscitation (CPR). We suggest a smartwatch-based CC feedback application for infant CPR.
Introduction
Paediatric cardiac arrest has a lower reported survival rate than adult cardiac arrest [1, 2] . In addition, the cerebral performance category level of paediatric postcardiac arrest patients with the return of spontaneous circulation has been reported to be poorer than that for adults [3] . Among paediatric cardiac arrest cases, the survival rate for infants is lower than that for children or adolescents [3] .
The American Heart Association (AHA) and the European Resuscitation Council guidelines have emphasized that survival rates and good neurologic outcomes are closely related to the quality of cardiopulmonary resuscitation (CPR) [4, 5] . According to the 2015 AHA guidelines, in case of cardiac arrest in infants, rescuers should provide chest compressions (CC) with a depth (CCD) that is at least one-third the anterior-posterior diameter of the chest. This equates to ~1.5 inches (4 cm) in infants [4] . The chest compression rate (CCR) recommendation is 100-120 counts/min. However, several studies have reported that rescuers are unable to perform high-quality CC in accordance with the guidelines [6] .
For effective CC, visual and audible feedback devices have been developed and are used frequently; these devices are recommended in the guidelines. Furthermore, many studies have reported the effectiveness of feedback devices. These visual and audible devices provide the real-time depths and rates on the compressed chest wall by using an accelerometer and/or a pressure sensor [7] [8] [9] [10] [11] [12] [13] [14] [15] . However, almost all commercial feedback devices are for adult CPR. To the best of our knowledge, there is no CC feedback device for infant CPR. According to the 2015 AHA guidelines, although the effectiveness of paediatric CPR feedback devices was not reviewed, the consensus of the group is that the use of feedback devices will likely help rescuers perform adequate CCR and CCD, and that they should be used when available [4] .
The current CC feedback devices are difficult to apply to infants. Most feedback devices for adults are meant to be attached to the adult patient's chest wall; therefore, they are too large for infants. In addition, the target depths for adults and infants are different. Furthermore, the performance of adult CC requires the use of both hands, whereas that for infants requires the use of two fingers.
Recently, the effectiveness of a feedback device on the basis of a smartwatch for CC has been reported [16] . A smartwatch is beneficial for infant CC because it is not in direct contact with the patient's body; therefore, it is appropriate for the small bodies of infants. This study evaluated the effectiveness of a feedback device on the basis of a smartwatch for infant cardiac arrest treated by the two-finger method of CPR by a single rescuer.
Participants and methods

Study design
We designed a prospective, randomized, controlled parallel study. The study was carried out at Hanyang University's Simulation Centre (Seoul, Republic of Korea) in April 2016. The study was approved by the Institutional Review Board of the Hanyang University Hospital (HYUH2016-06-030-003). The study protocol was registered at the Clinical Research Information Service (cris.nih.go.kr: KCT0002016).
Participants
We recruited a total of 30 volunteers from Hanyang University; all of them were students of the medical college. The inclusion criteria were age older than 18 years and good health status. Volunteers were excluded if they had wrist, spine or pulmonary/heart diseases. All participants were taught a 4 h course of paediatric basic life support training over 2 weeks. The participants received information on this study before the experiment and they provided written consent.
We evaluated the preliminary results of six participants from the pilot study. The six volunteers were divided randomly evenly into two groups, the smartwatch feedback group and the control group, by drawing lots. All six participants compressed below the intermammary line of the infant mannequin for 2 min without performing rescue breathing; we evaluated the proportions of correct depth (%CD) (mean ± SD). The %CD is defined as the ratio of the number of CCD between 3.5 and 4.5 cm to the total number of CC during 2 min. The %CD values were 99 ± 1.7% for the feedback group and 72 ± 25.5% for the control group. The sample size was calculated using the G-power 3.1.9 program (Heine Heinrich University, Düsseldorf, Germany), an α error of 0.05, a power of 0.95 and the results of the previous pilot study; the estimated sample size was 26 participants (effect size, 1.49; intervention group, 13; control group, 13). However, 30 participants were enroled to account for a 10% dropout rate (Fig. 1 ).
Equipment and material
A CPR training infant mannequin (Resusci Baby QCPR; Laerdal, Stavanger, Norway) and recording program (Simpad Skillreporter; Laerdal) were used for this study. The mannequin was able to measure several parameters, including CCD, CCR and decompression depth, by a sensor when participants compressed below the intermammary line. The maximum compressed depth for this mannequin was 47 mm. A smartwatch (Galaxy Gear Live; Samsung Electronics, Seoul, Republic of Korea) was used as a feedback device to implement the android application. The development of the CCD feedback application has been reported previously [16] . To estimate real-time CCD, we developed an algorithm for smartwatches by double integration of the three-axis acceleration signals from a built-in accelerometer with additional signal processing [16, 17] . The experiment was conducted on a table and firm surface to avoid the influence of the mattress effect (the absorption of some of the force of the CC) [18] .
Participants performed CC on a mannequin while wearing a smartwatch. During this time, the display of the device showed three different colours as visual feedback. A flowchart of CC feedback algorithm is shown in Fig. 2 . A blue colour was shown on the display when the CCD was more than 4.5 cm. A red colour was shown when the CCD was less than 3.5 cm. A green colour was shown when the range of the CCD was between 3.5 and 4.5 cm (Fig. 2) . In addition, regular vibrations generated by the smartwatch at a rate of 110/min were used to guide the CCR. The numbers of compressions with certain depths and rates were shown on the display of the smartwatch.
Intervention
All participants were allocated randomly in a 1: 1 ratio to the intervention group (n = 15) and the control group (n = 15). Randomization was performed using a sequence generator (http://www.random.org/). All participants performed CC continuously without artificial breathing in the standing position adjacent to the mannequin on a table for 2 min and compressed below the intermammary line using the two-finger method. During the experiment, investigators and participants could not see each other because of a partition that separated them. In addition, investigators were not aware of the participant groups. In the intervention group, individuals with no connection to this study wore a smartwatch on their wrist and used the feedback program; participants performed CC with the aid of feedback. Conversely, the participants of the control group performed CC without the aid of a feedback device. Participant characteristics such as age, weight, CPR education and experience with real-life CPR were recorded. Data were downloaded and collected directly from the mannequin's recording system by one author who was blinded to the group allocations.
Primary and secondary outcomes
In this study, the primary outcome was the estimation of the %CD, which was defined as the ratio of the number of CCD between 3.5 and 4.5 cm to the total number of CC during 2 min. In addition, CCD, CCR and %DD were investigated as secondary outcomes. The %DD was defined as the ratio of the number of decompressions with a recoil depth less than 0.5 cm to the total number of decompressions during 2 min.
Statistical analysis
The data were compiled using a standard spread sheet application (Excel 2016; Microsoft, Redmond, Washington, USA) and were analysed using SPSS, version 21.0 KO for Windows (SPSS Inc., Chicago, Illinois, USA). Kolmogorov-Smirnov tests were performed for normal distribution for all datasets. Descriptive statistics were used to describe the baseline characteristics of the study and to present categorical variables as frequencies and percentages. Normally distributed data are presented as the mean ± SD with 95% confidence intervals, whereas non-normally distributed data are presented as medians with interquartile ranges (IQRs) with 95% confidence interval. Student's t-test or Mann-Whitney U-test was used for comparisons of continuous variables; the χ 2 -test or Fisher's exact test was used for categorical variables.
Results
A total of 30 participants were recruited in this study; there were no exclusions (Fig. 1) . The baseline characteristics of the participants are summarized in Table 1 . There were no significant differences in the demographic characteristics between the two groups. The results for the CC performance are shown in Table 2 . The median (IQR) values of the %CD for the intervention and control groups were 99% (97-100) and 83% (58-97), respectively (P = 0.002). The median (IQR) values of CCD for the intervention and control groups were 41.2 mm (39.8-41.7) and 38.6 mm (36.1-39.6), respectively (P = 0.004). There were no significant differences between the two groups for CCR and %DD (P = 0.482 and 0.089, respectively).
Discussion
Many feedback devices have been developed and used for high-quality CC [7] [8] [9] [10] [11] [12] [13] [14] [15] . Several recent studies have reported the use of smartphones as feedback devices [17, 19, 20] . In the event of sudden cardiac arrest, the probability that there will be no commercial feedback device available is high. However, smartphones will solve this problem. For infant CC (two-finger method), a smartphone should be fixed to the wrist, forearm or upper arm using an armband. However, the farther the smartphone is from the sternum, the less accurate the feedback [21] . Smartwatch-based feedback devices would be adequate for infant CPR because they are easy to wear, lightweight and able to provide feedback near the patient's chest wall (but not directly touching it).
The feedback of the smartwatch helped in the performance of CC with accurate depths [%CD, 99% (97-100) vs. 83% (58-97); P = 0.002]. A smartwatch-based feedback device would increase %CD by allowing for adequate compression depth ranges (3.5-4.5 cm) and avoiding shallow or excessively deep compressions. In the case of shallow CC, the cardiac output is not appropriate [22] [23] [24] . Excessive CCD cause complications, Fig. 2 Flowchart of chest compression (CC) feedback. (a) White was shown when the smartwatch was not moved. (b) Red was shown on the display of smartwatch when the depth was less than 3.5 cm, (c) green was shown when the depth was between 3.5 and 4.5 cm and (d) blue was shown when the depth was more than 4.5 cm. including fractures of the ribs, pneumothorax and haemothorax [25] [26] [27] [28] .
Participants of the two groups achieved adequate CCR. This might be because participants were taught paediatric basic life support only 2 weeks before the experiment. However, we expect that feedback from a smartwatch would be effective after the effectiveness of the education had declined [29] . There was a large SD of CCR in the smartwatch feedback device group. It seems that, although the CCR was guided by vibration, the participants could not feel the vibration well during CC. They also could not see the text of CCR feedback on the screen well during CC. There were no significant differences in %DD because the smartwatch-based feedback device could not provide feedback on decompression.
Haque et al. [30] reported that when performing CC using the two-finger method, rescuer fatigue increased and the quality of CC decreased. According to the report by Martin et al. [31] , CC feedback helped maintain high-quality CC despite increased fatigue. Therefore, smartwatch-based feedback may also reduce fatigue-related quality degradation.
Martin et al. [31] reported that real-time feedback was helpful during infant CC. In that study, it was reported that the participants performed high-quality CPR when feedback was provided by the mannequin. Although this is expected to be effective during education involving feedback sensors inside the infant mannequin, it cannot be applied to real patients. However, the smartwatch-based feedback device proposed in our study can be applied to real patients.
For infants experiencing cardiac arrest, rescuers should compress the chest at least one-third the anterior-posterior diameter of the chest [4] . This equates to ~1.5 inches (4 cm) in infants; however, depending on the infant's age and weight, the anterior-posterior diameter could be different. Therefore, the quantified 1.5 inches (4 cm) might not be appropriate for all infants. However, if the anterior-posterior diameter is measured and the target depth is obtained by inputting the information into the smartwatch, then CC can be performed with a more accurate depth.
There were several limitations to this study. First, although there was a significant difference in %CD and CCD in this study, these results do not necessarily translate into improved clinical outcome. Because this was a simulation study using a mannequin rather than a clinical study, the features of a clinical situation were not entirely reflected. To address this, clinical studies of the CC feedback effects are required. Second, only one type of smartwatch (Android) was used for this study. Third, rescuers performed the two-finger method, not the two-thumb method [32] . In this smartwatch-based feedback system, as the CCD is estimated through the movement of the acceleration sensor, it is difficult to apply to the two-thumb method. Fourth, this feedback system with an accelerometer does not compensate for mattress compression and could be inappropriate for cardiac arrest patients on a bed. Fifth, a real cardiac arrest situation is often urgent and the rescuer is typically in a panicked state; therefore, it is important that feedback devices are used quickly. However, this study did not assess the time that it took participants to operate the smartwatch feedback program. Further studies are required that include factors associated with the operating time because there are many variables involved with the operating program, despite the actual operating time taking only seconds.
Conclusion
A smartwatch CPR feedback system could provide assistance in achieving the ideal CCD range in accordance with CPR guidelines from the AHA for infants experiencing cardiac arrest.
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